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Recent innovations in single-cell technologies have opened up exciting possibilities for profiling the
omics of individual cells. Minimally invasive analysis tools that probe and remove the contents of living
cells enable cells to remain in their standard microenvironment with little impact on their viability. This
negates the requirement of lysing cells to access their contents, an advancement from previous single-
cell manipulation methods. These novel methods have the potential to be used for dynamic studies on
single cells, with many already providing high intracellular spatial resolution. In this article, we highlight
key technological advances that aim to remove the contents of living cells for downstream analysis.
Recent applications of these techniques are reviewed, along with their current limitations. We also
propose recommendations for expanding the scope of these technologies to achieve comprehensive
single-cell tracking in the future, anticipating the discovery of subcellular mechanisms and novel
therapeutic targets and treatments, ultimately transforming the fields of spatial transcriptomics and
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Introduction

Understanding the molecular basis of individual cells is essen-
tial for elucidating genetic, functional or compositional hetero-
geneity of tissues and organs for accurate design of disease
models and patient responses to specific therapies. Imaging
techniques such as RNAscope™,> Multi Omic Single-scan
Assay with Integrated Combinatorial Analysis (MOSAICA)?
and multiplexed error-robust fluorescent in situ hybridisation
(MERFISH)* can provide information on the contents of fixed
cells, providing a ‘snapshot’ of the molecular profiles of single
cells. Developments in single-cell imaging techniques such as
synchrotron imaging,””” live cell imaging® and single-molecule
tracking® have provided further insight into the subcellular
dynamics of living cells. To fully understand the molecular
basis of single cells, however, it is essential to extract the target
molecules from individual cells before their analysis. This
can aid the discovery of novel transcripts, proteoforms, and
post-transcriptional and -translational modifications. Hitherto,
microfluidic  platforms incorporating various single-cell
manipulation techniques such as microwell-based docking,®

“ Department of Chemistry, Molecular Sciences Research Hub, Imperial College
London, London, W12 0BZ, UK. E-mail: alex.ivanov@imperial.ac.uk,
Jjoshua.edel@imperial.ac.uk

b Department of Pure and Applied Chemistry, University of Strathclyde, Glasgow,
G1 1RD, UK. E-mail: binoy.paulose@strath.ac.uk

+ These authors contributed equally.

5312 | Chem. Commun., 2023, 59, 5312-5328

electrokinetic single-cell focusing,"" fluorescence-activated cell
sorting'” and optical tweezers,">'* were widely employed for
high-throughput chemical analysis of single cells. Although
easy to implement, these methods require removing the target
cell from their natural surroundings and, in most cases, their
lysis in regulated environments. This leads to post-lysis analyte
modifications and the loss of contextual information.

To overcome these limitations, the insertion of minimally
invasive sampling devices based on atomic force microscopy
(AFM) tips and micro/nanopipettes were proposed."”” For
instance, the functionalised AFM tip-based selective mRNA
profiling methods provided a non-destructive way to analyse
specific gene expressions in single living cells while maintain-
ing viability.'® A similar method, employing fluid force micro-
scopy, extended the use of this platform to minimally invasive
intracellular fluid extraction for tuneable aspiration of intra-
cellular fluids for single-cell analysis.’”*® Actis et al. reported
on a nanopipette-based biopsy platform for continuous intra-
cellular sampling,"”® which, when used in conjunction
with matrix-assisted laser desorption/ionisation-mass spectro-
metry®° and scanning ion conductance microscopy,'® could aid
single cell protein/nucleic acid analysis with spatial and tem-
poral control. Both fluid force microscopy and nanopipette-
based extraction strategies involve the withdrawal of cytoplas-
mic fluid from the cells. If this fluid exceeds femtoliter
volumes, this can impact the survival of the cell. Further, the
very low concentration (<pM) of some analyte molecules
makes subsequent in vitro analysis challenging.

This journal is © The Royal Society of Chemistry 2023
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Minimally invasive single-cell sampling techniques that can
concentrate and extract cellular components while maintaining
cellular integrity have been developed as an alternative. Nadap-
puram et al. reported on the development of a dielectrophoretic
nanotweezer for non-destructive subcellular concentration
(trapping) and extraction of biomolecules.*' These nanotwee-
zers employ dielectrophoresis (DEP) to trap molecules sub-
jected to a nonuniform electric field**>* and are composed of
two individually addressable nanoelectrodes separated by a
nanoscale septum to generate the relatively high electric field
gradient required for trapping and extraction of different
molecules. The capability of these nanotweezers for minimally
invasive single-cell extraction of molecules and organelles
under physiological environment was demonstrated by extract-
ing genomic DNA, RNA and single mitochondrion from human
osteosarcoma (U20S) cells, human pulmonary artery endothe-
lial (HPAE) cells and the axon of mouse primary hippocampal
neurons, respectively.

Single-cell analysis technologies have greatly advanced the
genomics field and underpin one of the most ambitious
genomics projects post the sequencing of the human genome:
the ‘Human Cell Atlas’, which aims to create a reference map of
all human cells.*>** Much of the state-of-the-art research in the
field has been reviewed previously. This review focuses pre-
dominantly on single-cell analysis platforms that can manip-
ulate and sample from individual cells with minimum
perturbations, including those based on nanostraw structures,
micro/nanopipettes, AFM and dielectrophoretic nanotweezers.
These methods hold great promise for the non-destructive
extraction of cellular components with spatiotemporal
control and could significantly improve both clinical and
non-clinical investigations into cellular processes with single-
cell resolution.

1. Pipettes

Pipettes are typically fine, hollow needles pulled from boro-
silicate glass or quartz capillaries. Nanopipettes can be pulled
with controllable pore sizes over a wide range of diameters
(usually 50 nm-5 um) and are classified as micro or nanopip-
ettes if they have a pore diameter above or below 100 nm,
respectively. Different approaches in extracting localised cellu-
lar samples using micro and nanopipettes have been reported,
such as electrowetting combined with scanning ion conduc-
tance microscopy (SICM) and aspiration by negative pressure.
These pipettes can be either single or double-barrelled
(Fig. 1(b)-i and (c)-i, respectively) and are commercially avail-
able or can be fabricated from capillaries using a laser puller.

One method of extracting cytosolic content is by puncturing
tissue sections using micropipettes to extract localised samples,
namely the ‘cookie cutter’ approach (Fig. 1(a)).>* This technique
allows for rapid, simple sample extraction without requiring
complex probe modification. However, due to the large probe
size (5 pm diameter) of the micropipettes (Fig. 1(a)-ii), this
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technique could be more invasive on living cells compared to
other similar technologies discussed in later sections.

Another common way of aspirating cytoplasmic fluid is by
using electrowetted nanopipettes. Electrowetting is a process in
which the nanopipette is filled with an organic solvent, 1,2-
dichloroethane, followed by the application of an electric field
to alter the interfacial tension, allowing for cytoplasmic fluid to
be aspirated into the pipette via interfacial electric stress
(Fig. 1(b)-ii)."®***” This is often combined with the use of
SICM, allowing for precise positioning of the nanopipettes by
providing high optical resolution (Fig. 1(c))."® In brief, the
authors filled the nanopipette with an organic, hydrophobic
solution of dichloroethane (DCE). When the filled nanopipette
was inserted into a cell, a voltage was applied leading to altered
surface tension of DCE. This allowed the movement of the
aqueous cellular solution to flow in or out of the nanopipette
tip. The flow was dictated by either a negative or positive
voltage being applied during sample aspiration and collection.
The collected samples could then be subjected to genomic or
transcriptomic analysis such as quantitative reverse transcrip-
tion polymerase chain reaction (RT-qPCR) or next-generation
sequencing (NGS) such as RNA sequencing (RNA-seq) and
whole mitochondrial genomic sequencing (Fig. 1(b)iii-v and
(c)-iii, iv). This technique has been used to identify novel targets
localised in the neurites of neurons.*® A dual barrel nanopip-
ette system is another way of utilising SICM to increase the
precision and resolution of sample capturing.”® Of the two
barrels, one is filled with an aqueous solution for SICM
imaging and the other with an organic solution (for electrowet-
ting) for cytosol aspiration and follow-up downstream RT-qPCR
analysis. The authors validated the efficacy and efficiency of the
system on MCF-7 cells. They observed the aspiration of cytosol
into the SICM pipette under a video microscope and investi-
gated the extracted cytosolic samples with RT-qPCR. They then
applied this method to mouse embryonic stem cells, either
differentiated or undifferentiated, where they punctured the
cells to collect cytosol and used RT-qPCR (Fig. 1(c)-iv) to analyse
the Pou5f1 gene (undifferentiation marker) and GAPDH (house-
keeping gene). This validated using dual barrel system to study
mRNA localisation in single cells. The one disadvantage of this
technique is that the authors found that it was necessary to
penetrate the cells at least 3 pm underneath the cellular
membrane for successful extraction of the cytosol, perhaps
making the application of this technique on thin, flat cell types
impractical. It should be noted that in some cases, unfortu-
nately, electrowetting-based aspiration leads to increased cell
toxicity,®® and this limitation should be considered when
designing aspiration experiments.

Once a localised cellular samples are obtained, there are
several ways for their characterisation. In most cases, samples
are analysed by RT-qPCR of RNAs of interest from the extracted
samples at a given cellular location. Saha-Shah et al. introduced
the application of matrix-assisted laser desorption/ionisation-
mass spectrometry (MALDI-MS).”>° Nanopipettes were used for
the collection of cellular fluids by controlled pressure actuation
from onion cells, fruit fly larvae, and mouse brain tissue
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Fig. 1 Schematic of pipette-based cellular sampling technologies and downstream analysis. (a) The ‘cookie cutter’ approach from Bury et al. extracts
cellular content by plunging through tissue sections. (i) Localised cellular samples are removed alongside with the micropipette after puncturing. (i) The
number of samples obtained is depends on the pore size used; with a pipette of 5 um in size, a single mitochondrion could be extracted. Reproduced
from ref. 25. Copyright 2022, Springer Nature. (b) Single-barrel pipettes from Actis et al. could be used to extract cellular samples with or without SICM.
(i) SEM image of a typical single barrel with tip size of 100 nm or below are commonly utilised in extracting localised cellular samples. Reprinted (adapted)
with permission from ref. 19. Copyright 2014, American Chemical Society. (i) A schematic showing the experimental procedure of nanobiopsy
when combined with SICM to obtain cellular topography. (iii) and (iv) Extracted samples have been analysed using RNA-seq, mitochondrial sequencing,
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or RT-gPCR to study cell-to-cell variability or single cell mitochondrial heterogeneity. Reproduced with permission from ref. 19, 28 (Copyright 2018,
Elsevier), and 35 (Copyright 2017, Elsevier). (c) Double-barrel pipettes used in combination with SICM to obtain cellular contents at precise locations.
(i) SEM image shows a typical dual barrel pipette applied for SICM-nanobiopsy. (i) During SICM-single-cell biopsy, one of the two barrels of the pipette
was used to acquire cell topography via SICM, and then sample extraction was done by exerting negative pressure to aspirate cellular fluid at the desired
cellular location. (iii) The amount of transcripts detectable via RT-gPCR is proportional to the amount of samples collected. (iv) The dual barrel pipettes
have been used to obtain subcellular amounts of samples from stem cells and study the differentiation status of stem cells by analysing differentiation
marker Pou5f1 in mouse embryonic stem cells. Reprinted (adapted) from ref. 29. Copyright 2016, American Chemical Society. The schematic was created

with BioRender.com.

sections. The collected samples were then analysed by MALDI-MS,
and the reported results were consistent with previously published
data using other MS methods.*'* Nanopipettes have shown further
advantages in their <1 pm capturing precision and simplicity using
liquid aspiration by suction. Like other cellular fluid aspiration
methods, the major limitation of the technique lies with the
geometry of the nanopipettes. This is not only limited to the diameter
of the nanopore opening but also the shape of the pipette, such
as the length of the shank. In this study, the authors have shown that
the length of the shank directly influences the relationship between
the pressure applied and the volume of cellular content aspirated.

Although cytosolic fluid extraction is often the main interest in
many scientific fields, nanopipette-based subcellular sampling could
also extract organelles such as mitochondria. Morris et al. demon-
strated mitochondria extraction from neurons to evaluate the level of
heteroplasmy in inbred mice while showing that specific genetic
variants are preserved across generations in both murine and human
models.*® Mitochondria were first fluorescently labelled in vitro using
a MitoTracker dye. A motorised micropipette allowed the extraction
of the cellular content, including the mitochondrion of interest, by
applying negative pressure. The collected sample was lysed by
protease K, and the mtDNA was PCR amplified before subjecting
to whole genome sequencing and variant analysis (Fig. 1(b)-iv, v).

The benefit of utilising nanopipettes for aspirating cellular
samples is that the pore or tip size of nanopipettes can be small
and controllable to facilitate precisely localised cellular
sampling.>*** There are also plenty of ways of operating these
fine capillaries in a highly precise manner, such as in conjunc-
tion with micromanipulators,”® making it one of the most
suitable and widely adapted methods across a range of single-
cell techniques. In summary, nanopipettes have been used to
extract subcellular content in a range of different samples, from
tissue sections to single cells and from the extraction of
subcellular cytoplasmic fluids to single organelles. This pro-
vided a wide range of applications in various biological studies
such as stem cell research and genomics analysis.>**> There
are, however, some limitations to nanopipette-based probes
that need further addressing, such as increased cell toxicity due
to electrowetting and non-specific aspiration of cytoplasmic
fluids, which may require sample purification steps and makes
the detection of low abundance molecules difficult.

2. Nanostraws

An alternative non-destructive approach to the nanopipettes is
the nanostraw (NS) platform. They are highly effective in

This journal is © The Royal Society of Chemistry 2023

penetrating the cell membrane and providing direct fluidic
intracellular access in live cells.**™*" NSs are hollow tube-like
structures (diameters between 20 to 700 nm, length 1 to 3 pm)
that are embedded in a cell culture-compatible membrane.
There are two types of NS; polycarbonate-based (Fig. 2(a)) and
silicon-based (Fig. 2(b)) ones. The polycarbonate NSs are fabri-
cated from track-etched polycarbonate membranes, widely
used for cell culture applications.*® Various methods for fabri-
cating these types of NSs have been reported previously.*”*!
These NSs are typically 150 nm in diameter and 1-3 um long
(Fig. 2(a)-ii). They are mounted onto the bottom of glass
cylinders 2 to 5 mm in diameter, fitting into a 48 or 96-well
plate for cell cultures. A thin layer of Al,O; is deposited on the
polycarbonate membrane, including the track-etched tracks,
which in turn become the NSs walls through careful etching.*®
The other type of NS is fabricated from silicon wafers using a
top-down photolithography approach (Fig. 2(b)-i).>® This allows
the fabrication of finely tuneable pillars with diameters ranging
from 20 nm to 700 nm.*® These silicon NSs are 5 um long and
arranged in uniform square arrays with 2 pm spacing, making
them suited for a variety of biological applications and allowing
for a deeper cell penetration if required.
Both NSs have been employed for
sampling.*¢*84%42%3 A unique advantage of the NS platform
is that cells of interest can be cultured directly on the NS-
embedded substrate (Fig. 2(a)-i-iv). This allows high through-
put sampling of intracellular proteins and cytoplasmic mRNA
for both single-cell and bulk-cell extractions (20/30 cells).>® NSs
with a 100 nm or smaller diameter could penetrate the cell
membrane spontaneously,*®*® keeping a direct channel to
extract intracellular biomolecules*******® and work as an
effective delivery mechanism.*®*”~*° NSs with larger diameters
require the application of a short electric pulse (10-35 V) for 2-5
minutes of cytoplasmic access. The pulses cause membrane
poration and provide temporary fluidic access.*® Interestingly,
the biological effect of NSs on cells depends on their
diameter.***® The effect of NSs size on cell extractions and
viability was explored by Seong et al., who tested four diameters
(718 nm, 316 nm, 172 nm, 47 nm) and used immunofluores-
cent microscopy images and extracted morphological features
of 100000 individual human mesenchymal stem cells (hMSC)
(Fig. 2(b)-iv).>® Cell body elongation was promoted, and a
decrease in the number of cell protrusions was seen with
decreasing tip diameter. The authors also found that sharper
NSs guide cell alignment and polarisation by activated acto-
myosin contractility. Through the variation of tip diameters,

live subcellular
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Fig. 2 Nanostraw use adapted from Cao et al. and Seong et al. (a) Polycarbonate nanostraws adapted from Cao et al. (i) Polycarbonate nanostraws allow
intracellular species within the cell to diffuse through the NS and into the extraction buffer below the membrane. The size of the sampling region can be
defined lithographically so that only the cells that grow in the active regions are sampled. (i) Tilted view (45°) SEM image of the 150 nm diameter NS.
(iii) and (iv) Fluorescent microscopy images of GFP of a culture of 26 cells on a 200 x 200 um NS sampling region (white dashed squares, scale bar = 50 pm).
(i) GFP-expressing CHO cells before sampling. (iv) GFP-expressing CHO cells immediately after sampling. Locally diminished GFP intensities (dark spots)
were observed in the cells after sampling, corresponding to the locations where GFP was removed from the cells. Brightness was increased to highlight
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the spots. (v) The percentage of the cell's initial GFP that diffuses into the extraction buffer as a function of time and the number of NS (the dashed line
indicates the GFP extraction level after 2 min of diffusion from six NS). Reproduced from ref. 36. Copyright 2017, National Academy of Sciences. (B) Size-
Tunable silicon based Nanostraws reported by Seong et al. (i) Schematic detailing the photolithography and dry silicon etching processes. Silicon nitride
was deposited as a hard mask onto a silicon wafer, dot arrays of photoresist were patterned on the nitride layer by photolithography, silicon nitride,
unprotected by photoresist was reactive ion etched (RIE), nanopillar arrays were produced via deep reactive ion etching (DRIE), and sharpened into
nanoneedle arrays. (i) Deflection of nanopillars (Dyp, = 718 & 32 nm), blunt nanoneedles (Dy, = 316 + 20 nm), and sharp nanoneedles (Dy, = 47 £ 7 nm)
when 300 nN of traction force (F) was imposed at the apex of each structure. Note that only the upper 1.5 um of tip deflection is shown, as this is the
region in which the deflection profiles differ the most. (iii) Normalized heatmap showing the change in population median on different substrates for a
selected range of parameters. Note: data shown here are transformed and normalized to flat substrates; hence ‘1" is blank (white). (iv) Representative
confocal immunofluorescence images of paxillin-stained focal adhesions in hMSCs on different structures after 24 h of culture, scale bars = 25 um.
(v) Visualization of nuclear membrane—structure interfaces using FIB-SEM. FIB-SEM images show the extent of plasma membrane and nuclear envelope
deformation after 6 h and 72 h of culture on nanopillars (D, = 718 £ 32 nm) and sharp nanoneedles (D, = 47 4= 7 nm), respectively (scale bars = 2 um).

Reproduced from ref. 38. Copyright 2020, American Chemical Society.

one could directly influence cell morphology, polarisation and
even gene expression in hMSCs (Fig. 2(b)-iii-v).*®

NSs have more applications than just the extraction of
biomolecules and delivery into cells. Another study by Palankar
et al. combined NS arrays with atomic force microscopy to
probe the mechanodynamics of human pluripotent stem cell-
derived cardiomyocytes. In this study, the 3D NSs were used to
guide subcellular cytoskeletal modifications of cardiomyocytes
which ultimately led to changes in beating rates, calcium
dynamics of the cells, and their stiffness.>® NS arrays of various
geometries were found to have widespread applications in
mechanoregulating cell functions® such as underpinning of
cell migration,>®”>* the interplay between force and focal adhe-
sion maturation,”>*® and the affiliation of nuclear deforma-
tions with the mechanotransduction process.>”>®

NSs are highly versatile for multiple biological applications,
including subcellular biomolecule sampling. Nevertheless, the
technique is far more invasive than previously thought. The
works of Seong et al. and Palankar et al. highlighted that NSs
affect cellular morphology,®® gene expression,® cellular
alignment®” and poration of cell membranes;** thereby sug-
gesting that the platform is not best suited for continuous
longitudinal subcellular sampling as it can affect the genetic
expression profiles and morphology of the cells.

3. Atomic force microscopy-based
FluidFM

Cellular sampling methods based on AFM have been developed
by utilising the AFM tip’s multifunctionality: its ability to scan
an aqueous surface for high-resolution imaging of living cells
under physiological conditions, combined with its ability to
probe cells at the subcellular level to extract their contents or
deliver exogenous substances such as drugs, nanoparticles and
organelles."”>® Osada et al. first demonstrated the use of AFM
tips for cellular sampling from rat fibroblast-like VNOf90 cells
and mouse osteoblast-like MC3T3-E1 cells maintained in their
standard cultured environment.®® mRNAs were isolated via
non-specific contact with the tip inserted into the cell and
detected using RT-PCR. The same group further developed this
to study the localisation and distribution of beta-actin mRNA in
live rat VNOf90 cells via the detection of mRNA on the AFM tip

This journal is © The Royal Society of Chemistry 2023

using RT-PCR followed by qPCR.®" mRNAs were extracted from
4-9 different locations within the same cell, and the extraction
was confirmed by quantifying beta-actin mRNAs using RT-
gPCR. mRNAs were detected at these loci under two cellular
conditions: cells in a quiescent state and cells stimulated by
fetal bovine serum (FBS). Using this method, the authors found
that at one subcellular location, the peripheral region from the
nucleus, there was a larger number of positive results in FBS-
stimulated cells (5 out of 8 cells in stimulated cells vs. 1 out of 8
in quiescent cells). Based on cellular morphology, the authors
demonstrated that cells remained intact and viable after sam-
pling. As this method was based on non-specific adsorption
onto the tip, it is limited by how much mRNA can be captured
at the tip, where it is unlikely that lower abundant mRNAs
would be able to be detected sufficiently using AFM. Never-
theless, this was the first method of its kind to detect mRNAs
inside living cells without removing them from their physiolo-
gical environment or showing significant damage to the cell.
Later developments into AFM-based subcellular extraction have
been shown, including dielectrophoretic AFM extraction® and
the development of FluidFM,** which have revealed exciting
possibilities for subcellular sampling. In particular, FluidFM,
as discussed in this section, has been employed for subcellular
sampling, organelle transplantation from one cell to another,
and sequential measurements from the same live cell
(Live-seq).

3.1 FluidFM sampling

The use of standard AFM to manipulate or deliver molecules
into cells is limited due to mechanical indentation or scraping
of the AFM probe onto the sample.®* Methods based on the
adsorption of biological material onto the tip are also limited
by the minute amount of sample that can be obtained for
downstream analysis. There may be additional difficulties with
dispensing or biomolecule release from the probe. FluidFM is a
technique first reported by Meister et al.®® that addresses some
of the problems with AFM probing and has biological applica-
tions in subcellular sampling,'®®*"®" controlled delivery or
injection into cells,®***®® pick and place and patterning of
cells,®>”*  cellular adhesion interactions and surface
properties,”>”® cellular electrophysiology’® and single-cell
sensing.®® The current review focuses on extractions of cellular
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components from living cells, but other extensive reviews are
available for applications outside this area.'”>*51:82

The FluidFM technique combines AFM with a pressure-
driven micro-channelled silicon nitride probe for fluid-
controlled extractions from single cells (Fig. 3(a)).'® This is
achieved by incorporating a micro-sized channel into the AFM
cantilever with a nanosized tip aperture, forming a continuous
fluidic channel.®® For single-cell sampling, the standard probe
is made up of a pyramidal tip with a 400 nm diameter
triangular aperture,'® where the size of the aperture can be
altered for precise control over extraction volumes and compo-
nents of interest.°>®” The probe can also be fabricated in a
variety of other sizes and tip shapes depending on the
application.®® For subcellular sampling, the tip of the probe
is lowered into a cell so that the aperture is completely inserted,
a negative pressure is then applied, which causes the channel
to fill with intracellular fluid, and the tip is withdrawn from the
cell for dispensing and molecular analysis (Fig. 3(a)).*® FluidFM
facilitates: (1) real-time monitoring of cells throughout the
extraction procedure via an inverted optical microscope; (2)
force-controlled positioning and insertion of the tip into the
cell, monitored by a standard AFM laser; (3) femto- to pico-litre
volumes'” to be removed from single cells, controlled by the
pressure-driven microchannel and size of the aperture; and (4)
controlled local dispensing of components using force-
controlled feedback.

Guillaume-Gentil et al. first achieved successful sampling
from single cells using FluidFM in 2016, demonstrating nuclear
and cytoplasmic extractions from HeLa cells using a triangular
aperture FluidFM system (Fig. 3(a)-ii)."® Extraction volumes up
to 4 pl and 0.6 pl in the cytoplasm and nucleus, respectively,
could be taken from cells with 82% and 86% cell viability after a
single extraction (Fig. 3(a)-iii). The authors highlight that these
volumes represented at least 90% of the total cytoplasmic
volume and 20% of the total nuclear volume of the largest
native volumes measured. Extraction volumes larger than this
resulted in cell death. Despite this, the high extraction volumes
showed that the cells could withstand a large loss of their native
cytoplasmic volumes after the extraction procedure. The
authors assessed cell viability up to 5 days after extraction
and showed that extracted cells remained viable and behaved
similarly to non-extracted cells, including undergoing cell divi-
sion (Fig. 3(a)-iv). This was a key finding in portraying the low
invasiveness of the technique, showing that removing these
relatively large volumes did not affect the cells’ normal beha-
viour in culture. However, extracting 90% of the cytoplasmic
volume may affect the microenvironment of some cell types
and could lead to morphological changes, which may alter gene
expression programs in cells.®® In addition to successful extrac-
tion, the aspirated volumes from the nucleus and cytoplasm
were sufficient for transcript detection by RT-qPCR, corres-
ponding to 0.01 pg of total cellular RNA. The authors also
performed enzymatic assays on the cytoplasmic samples to
demonstrate the integrity of extracted proteins and successfully
measure apoptosis following treatment with staurosporine, a
protein kinase inhibitor. The authors attempted to extract
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mitochondria with FluidFM, but this was unsuccessful; they
concluded that this might be due to the small size of the probe
aperture for isolating organelles. Overall, the detection and
quantification of mRNA and protein enzymatic activities high-
light the potential of FluidFM to be used in single-cell tran-
scriptomics and proteomics, with the potential to tune the
extraction volumes and tip apertures for high-resolution sub-
cellular compartment analysis.

The same group showed that FluidFM could be expanded to
single-cell metabolomics: 20 metabolites from the cytoplasm of
live HeLa cells were detected from FluidFM extractions using
matrix-assisted laser desorption/ionisation time-of-flight mass
spectrometry (MALDI-TOF-MS).®® 0.8-2.7 ul volumes were taken
from cells, and picolitre volumes were spotted onto a micro-
array substrate for MALDI-TOF-MS measurements. This work
expanded the capabilities of single-cell metabolomic studies,
where cells could be maintained in their standard microenvir-
onment and not destroyed during the process. This, combined
with high-throughput sensitive analytical techniques like
MALDI-MS, enables simple and sensitive detection of metabo-
lites in living cells and shows the potential for achieving
metabolic profiling of cells over time.

More recently, the technology has been applied to fungal
cells, where the same group showed that the FluidFM probe
could penetrate through the cell wall and membrane of cells.®”
Sampling from an injection into fungal cells has been relatively
unexplored: the authors account for this lack of success due to
difficulties working with rigid cell walls, small cell sizes, and
immobilising this weakly-adhering cell type. Their success in
working with fungal cells was achieved by spatially constraining
yeast cells (Saccharomyces cerevisiae and Schizosaccharomyces
pombe) on microstructured substrates to minimise displace-
ment when the tip was inserted. Dimorphic yeast (Candida
albicans) and multicellular fungal (Coprinopsis cinerea) cells
were sufficiently adhered for sampling and injection when used
on glass or polystyrene. In their previous work, forces up to 200
nN were used to insert into mammalian cells and inject into
cell nuclei effectively.® To penetrate the cell walls and mem-
branes of cells, however, the authors required forces up to 2 uN
to be used. They modified the length and thickness of the
standard FluidFM probe to increase its stiffness so that these
higher forces could be attained. The aperture size was also
reduced to 200 nm to account for the smaller cell size and
ensure that the apex was fully inside the cell. Extraction of
cytoplasmic fluid from hyphal compartments of fungal cells
was achieved, but the extraction procedure inhibited the
growth of the targeted hypha, and vacuoles in the compartment
were observed after extraction. This shows that the tool may be
too invasive to extract from these small cell types without
damage and is likely to induce physiological changes in the
cell. The authors, therefore, evaluated its use for inducing
fungal defence responses. Injection of labelled protein into
the cells was also demonstrated, which did not affect cell
viability. Overall, this work expands the applicability of single
timepoint single-cell sampling to fungal cells and highlights
the adaptability of the technology based on cell type and size.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Schematic of FluidFM methodologies. (a) Basic FluidFM sampling consists of an AFM cantilever with a continuous pressure-driven channel. (i) A
pyramidal tip with a triangular aperture is inserted into a cell, and negative pressure is applied to aspirate the contents of the cell for downstream analysis.
(i) Scanning electron micrographs of the FluidFM probe for cellular sampling. (iii) Cell viability as a function of FluidFM extraction volumes from the
cytoplasm and nucleus, where each line represents one count. The dashed line indicates the median, dotted lines represent the minimum and maximum
native volumes. (iv) Fluorescent time-lapse imaging of an extracted cell (2.9 pL removed from the cytoplasm using FluidFM), marked with a dashed line.
The extracted cell behaved similarly to the adjacent non-extracted cell, where they became round and divided to produce daughter cells at the same
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time. Reproduced with permission from ref. 18. Copyright 2016, Elsevier. (b) Mitochondrial transplantation from one cell to another is achieved with a
cylindrical probe and a larger aperture size. (i) Following aspiration of mitochondria from the host cell, the probe is inserted into a new cell, and positive
pressure is applied to inject the host’'s mitochondria. (ii) Scanning electron microscopy image of the cylindrical probe used for combining extraction and
injection of mitochondria (scale bar = 2 pm). (i) Time-lapse imaging of mitochondria and mitochondrial nucleoid extraction, showing an overlay of the
mitochondrial matrix (su9-BFP) and mitochondrial nucleoids (p55-GFP), where the yellow box illustrates the position of the cantilever (scale bar = 5 um).
(iv) Procedure for quantifying mtDNA uptake and maintenance after transplantation, illustrating two FluidFM transplantation methods (cell-to-cell
transplantation and injection of purified mitochondria), and the control performed for non-specific uptake (mixing with extracted donor cell
mitochondria). Reproduced from ref. 66. Copyright 2022, PLOS. (c) FluidFM extraction is combined with Smartseq2 technology to form Live-seq:
sequential transcriptomic profiling of live single cells. (i) Sequential sampling was performed in a rapid (top) and slow (bottom) cell state transition, where
a unique barcode was used in the 3’ untranslated region of a green fluorescent protein reporter to identify the same cell over longer time periods.
(ii) Images of the Live-seq sampling procedure using FluidFM, where the black arrows show the level of buffer and extract inside the probe, and the white
arrows represent the under- or over-pressure applied. (iii) Direct trajectories of sequentially sampled cells from projections of Live-seq data. Reproduced

from ref. 64. Copyright 2022, Springer Nature.

The FluidFM tip, however, limited the sampling and injection
sites achievable in these cells, since the tip was too large for
extraction from or injection into the nuclei of fungal cells.
Despite the smaller aperture size on the modified probe, the
extraction process appears to be too intrusive on fungal cells to
continue their normal function post-extraction, so it may not be
suitable for real-time transcriptomic or proteomic analysis in
living fungal cells in its current state.

3.2 FluidFM-based organelle transplantation

Recently, mitochondrial isolation using FluidFM has been
achieved by tuning the aperture size and probe geometry to
allow the aspiration of both single and multiple mitochondria
from cells.”® Two probes were used to extract mitochondria
successfully: pyramidal probes with a larger aperture size than
the standard FluidFM probe (1.2 pm?®) and a new slanted
cylindrical probe with a larger aperture size (1.6 um?). This
enabled whole mitochondria and parts of the mitochondrial
network to be aspirated from the cells without compromising
cell viability.

A significant advancement of the technology was achieved in
this work by combining mitochondrial isolation with trans-
plantation into a host cell using the newly developed cylindrical
probe (Fig. 3(b)). Injection into a new cell was achieved via the
application of positive pressure. Isolation of purified bulk
mitochondria into a host cell was shown as a high throughput
method as the same cantilever could be used to inject mito-
chondria into multiple host cells serially. The alternative meth-
odology was the cell-to-cell approach, where mitochondria from
a donor HeLa cell were isolated via FluidFM aspiration, fol-
lowed by approaching and inserting the cantilever into a
receiver cell (U20S) and injecting its contents. Perfluorooctane
was used to prefill the inside of the cantilever to limit the
extraction and injection volumes; extraction volumes of
approximately 0.8 pl and injection volumes between 0.5 pl to
2 pl were achieved, where the flow resistance of the fluorocar-
bon prevented higher injection volumes.

The authors demonstrated an impressive 95% success rate
of mitochondrial transplants into the cytosol of living cells,
with 80% viability of the receiver cells after injection. For the
injection of bulk purified mitochondria into host cells, a 46%
viability of host cells was observed with the same transplant
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success rate. The authors attribute this lower viability to the
mitochondrial quality being poorer after the purification steps;
more time is spent outside the cell, leading to membrane
rupture of some mitochondria, potentially leading to apoptosis
in the host cell from cytochrome c leakage. The development of
the new cylindrical probe shows that FluidFM can be an
efficient tool for extraction, manipulation and transplantation
of the contents of single cells, where, despite having a lower
throughput, transplantation of mitochondria between two cells
was shown to be particularly effective for inflicting minimal
damage on the host cell.

In the same study, the dynamics of mitochondria following
transplantation were monitored in real-time. Interestingly,
mitochondria from both methods allowed for the donor cell’s
mitochondria to fuse to the host’s mitochondrial network in 18
out of 22 cells, observed by differential fluorescent labelling of
donor and host mitochondria, where the remaining four cells
showed donor mitochondrial degradation. The authors found
that fusion into the host’s mitochondrial network occurred
within 30 minutes for most cells. Not only was successful
transplantation achieved between two different cell lines, but
mitochondria from HeLa cells also successfully fused to pri-
mary cell (human endothelial keratinocytes, HEKa) networks 20
minutes after injection. Overall, three outcomes were observed
following transplantation: (1) fusion of donor mitochondria
into the mitochondrial network of the host in most cases,
exhibiting a morphological transition to mitochondrial tubules
rather than discrete spheres; (2) degradation or fragmentation
of donor mitochondria inside the host cell; or (3) mitochondria
that maintain their original shape and donor fluorescence,
have not fused to the host’s network and are not subjected to
degradation. Time-lapse imaging was used to monitor the
transplanted mitochondria and their behaviour over time
(Fig. 3(b)-iii). They showed that mitochondria were accepted
into host cells, with similar acceptance rates even when
donor mitochondria were damaged from double-stranded
break formation, dysfunctional oxidative phosphorylation
proteins, or a loss of membrane potential. This method, there-
fore, allows for the successful integration of mitochondria into
different cell types and has provided novel findings on the
potential for healthy cells to survive or adapt to damaged
mitochondria.

This journal is © The Royal Society of Chemistry 2023
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Long-term tracking of transplanted mitochondria (Fig. 3(b)-
iv) was also achieved in this work, where up to 2.5% of mtDNA
from donor U20S cells was detected in HeLa host cells 14 days
after transplantation, during which time the host cells would
have expanded in culture. Controls were performed to show
that this is not achievable from the non-specific uptake of
mitochondria mixed inside the culture medium. This demon-
strated that ‘foreign’ mtDNA could be incorporated and repli-
cated in new cell types. This work expands the potential of
subcellular sampling technologies, where the transplantation
benefit could have wide implications in understanding mito-
chondrial quality control for maintaining cell homeostasis.
This could also have great potential in mitochondrial regenera-
tion therapies, where impaired mitochondria have been shown
to be critical features of many diseases such as cancer,®
stroke,®® and neurodegenerative diseases.®®®” This new method
fills a technological gap in subcellular sampling technologies
and opens new possibilities for studying mitochondrial repla-
cement therapies and mtDNA selection and expansion.

3.3 Single-cell transcriptome profiling: Live-seq

Recently, Chen et al. published a seminal paper demonstrating
Live-seq, a technique that allows temporal measurements of a
cell’s transcriptome to be obtained using FluidFM technology
(Fig. 3(c)).** Live-seq combines FluidFM cytoplasmic extrac-
tions with Smart-seq2,®® a highly sensitive RNA-seq method
for detecting low amounts of RNA at the picogram level. A
400 nm diameter triangular FluidFM aperture was used, and
the standard FluidFM extraction procedure was optimised to
minimise RNA degradation and sample loss (Fig. 3(c)-ii). This
was achieved by: reducing the time taken during the extraction;
performing extractions at room temperature; pre-loading the
probe with sampling buffer containing RNAase inhibitors; and
releasing the extract into a microlitre droplet containing
reagents for downstream RNA-seq. The sensitivity of Smart-
seq2 was also optimised to detect 1 pg of total RNA.** An
average volume of 1.1 pl was taken from 3 distinct cell types:
IBA cells, primary mouse adipose stem and progenitor cells
(ASPCs) and two macrophage-like RAW264.7 cell lines. Distinct
cell types and states could be distinguished using the expres-
sion profiles obtained from Live-seq. Overall, cells were viable
after single cytoplasmic extractions, including continuous cell
growth, normal cell division, expected responses to external
stimuli, and their ability to differentiate.

Cell viability after performing a single extraction from the 3
cell types was found to be between 85-89% and not to scale
with the extraction volumes taken from cells. Time-dependent
microscopy was used to monitor the growth dynamics of the
smallest cell type studied, RAW cells. Interestingly, despite 40—
70% of the total cell volume being taken during the extraction,
RAW cells were shown to recover these volumes within 100-320
minutes, followed by continuing the same growth pattern as
shown in controls. This shows that cells may withstand the loss
of a large portion of their cytoplasm and recover to normal
function. However, the time taken to recover the cell volume
may delay cell growth and likely incur changes in gene
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expression until the volume is fully recovered. Therefore, the
cells extracted using this method may not accurately represent
a non-extracted cell, and the delay time may always need to be
considered when studying cells over time. Some transcriptomic
changes detected using single-cell RNA-seq were shown at one
hour and four hours after Live-seq sampling compared to non-
extracted controls, where 12 genes were shown to be signifi-
cantly differentially expressed between Live-seq and control
samples. In its current state, however, Live-seq may not be
suitable for short-term transcriptomic studies due to the risk of
the extraction procedure inducing stress and changes in gene
expression in response to the loss of cytoplasmic volume.

In the same work, sequential sampling from the same living
cell was achieved at two distinct time points using time-lapse
fluorescent cell tracking. Two models were used to detect
changes in cell expression (Fig. 3(c)-i): (1) application of lipo-
polysaccharide (LPS) stimulation in RAW cells to detect a fast
molecular change 4 hours post-stimulation, (2) adipogenic
differentiation of ASPCs to detect a slower change after two
days. For the former treatment, 4 cells were successfully
sequentially extracted, which reflected only around 40% of
samples that passed the transcriptome quality control criteria
based on the number of genes detected, mitochondrial read
ratio, and unique mapped rates. For the latter condition, a
unique barcode was used in a region of the green fluorescent
protein expressed in the cell to ensure that the correct cell was
sequentially extracted. 44 cells were sampled using this
method, but only 8 pairs of profiles passed the quality control
measures. Despite the relatively low efficiencies for both time-
dependent studies, the Live-seq data obtained from the high-
quality cells mapped correctly to their cell state clusters and
showed an expected transition after each model based on
single-cell RNA-seq data (Fig. 3(c)-iii). Using Live-seq, they
discovered that Nfkbia and Gsn expression levels contributed
to LPS phenotypic heterogeneity and validated this with con-
ventional RNA-seq data. After differentiation, ASPCs were mon-
itored for seven days after the second extraction and notably
demonstrated no drop in viability compared to controls (95%
viability of 44 sampled cells vs. 93% viability of control
unsampled cells). They also maintained their adipogenic differ-
entiated state over this period, highlighting that the cells
maintained their functionality after two extractions from the
same cell.

With the development of Live-seq, the technology has
become one of the leading techniques for subcellular sampling,
demonstrating that sequential measurements of the same cell
are possible and that the technique is sensitive enough not only
for detecting mRNA using RT-qPCR, but for sequencing the
contents of single cells. FluidFM-based Live-seq has greatly
expanded the scope of single-cell transcriptomics, demonstrat-
ing that cells do not need to be lysed to access their transcrip-
tome via RNA-seq. Given that seemingly similar cells may
respond differently to external stimuli, this technique enables
the ground state of a particular cell to be accessed and tracked
in order to fully understand the impact of the response. This
has the potential to widen our knowledge of the true molecular
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mechanisms at the single-cell and subcellular level and under-
stand the heterogeneity of responses in seemingly similar cell
populations. Although large proportions of cells’ cytoplasmic
volumes are taken using this technique, the robustness of cells
to recover from this loss, and how the volumes taken are not
correlated with cell viability, is impressive and may negate the
invasiveness of the technique for monitoring the phenotypic
and molecular dynamics of cells over longer time frames. On
the other hand, because a large proportion of the cytoplasm is
removed, the spatial resolution is more limited than other
techniques that can sample from precise subcellular locations.
Nevertheless, as the authors state, the development of lower
input single-cell RNA-seq methods such as Smart-seq3®’ may
mean that the volumes extracted could be decreased and the
spatial precision improved if lower RNA inputs can be detected.
Overall, Live-seq proves a fascinating method to monitor and
map transcriptomic dynamics in the same cell over time, and
the scope of the technique could have significant implications
in understanding cellular dynamics and relating phenotypes to
distinct transcriptomic profiles, contributing to the develop-
ment of the single-cell transcriptomic atlas.

4. Dielectrophoretic systems

Dielectrophoresis (DEP) was first introduced in 1951 by
Pohl°>" and was coined to describe the motion of nonpolar
dielectric particles resulting from interactions with a nonuni-
form electric field. Typically, a DEP system requires two indi-
vidually addressable electrodes separated by an insulating
material. Applying an alternating current (AC) across these
two electrodes creates an electric field gradient around them,
which could exert an attractive force on polarisable objects near
the field. The magnitude of this attractive force can be modu-
lated by increasing the voltage across the electrodes, decreasing
the gap between electrodes, and altering the frequency of the
individually applied voltages. The following equation can
describe this:

Fpep = 2Memeor Re[CM(f)]VE rms

where ¢, and g, are the complex permittivities of the medium
and vacuum, r is the radius of the particle, E refers to the
electric field Re[CM(f)] is the real part of the Clausius-Mossotti
factor.”?

DEP-based techniques are relatively inexpensive and simple
to perform, requiring only a pair of closely spaced electrodes
and a function generator.”>**°° Qver the years, DEP has been
employed in many forms of microfluidic disease detection
systems. Based on the differences in the dielectric properties
of cells, properties such as membrane conductance and
membrane capacitance have been seen in different physiologi-
cal and environmental states. However, this review section will
focus on DEP methods developed for subcellular biomolecular
capture and extraction. We will discuss two main DEP-based
systems: AFM probe comprising a Dielectrophoretic Nanotwee-
zer (DENT)** and nanopipette-based DEP nanotweezers.”'

5322 | Chem. Commun., 2023, 59, 5312-5328

View Article Online

Highlight

These probes have a marked difference compared to previously
mentioned techniques, as they avoid the need for electrowet-
ting and non-specific aspiration of cytoplasmic fluid.

DENT was initially introduced as a modification of the
classic AFM. In 2009, Nawarathna et al. modified the standard
AFM probe and employed DEP to selectively target and capture
cytoplasmic mRNA with minimal impact on cell viability
(Fig. 4(a)). This modification utilises a nanoprobe comprising
a closely distanced silicon core and a metal alloy layer (Cr/Au),
which serve as the inner and outer electrodes.®” The application
of AC voltage between the two electrodes (120 kHz, 5 V peak-to-
peak for 60-75 s) generates an electric field with a dielectro-
phoretic force strong enough to polarise subcellular compo-
nents and organelles to become induced dipoles that are
attracted to and captured at the probe tip.'°® This system was
used to perform extractions of nucleic acids from the cytoplasm
of living cells for further genetic analysis. The integration of
DENT to the classical AFM probes enables one to precisely
position the nanoprobe with nanometre precision within the
cytoplasm of a living cell.®® Further, the surface modifications
of the DENT probes by immobilising gene-specific primers
complementary to the mRNA of interest using standard
biotin-streptavidin  chemistry increased the collection
efficiency.®® Following this work, Li et al. used target-specific
short mRNA capture primers for Rat -actin, GAPDH, and neu
on modified AFM probes using biotin-streptavidin chemistry.
The results show that for each target, there was a 100-fold
increase in capture when DEP was applied."®

To increase the analytical throughput of the DENT AFM
system, the same group integrated it with microfluidics in
2017.'® DENT AFM nanoprobes could penetrate a very thinly
sealed microfluidic chip, approximately 1 pm, and isolate
mRNAs from the cytoplasm of HeLa cells and circulating
tumour cells. mRNA isolation with qPCR was used to compare
the isolation efficiency at varying strengths of applied AC
voltages (1.1 V, 1.5V, 1.9 V peak-to-peak, 10 MHz), with greater
voltages resulting in a higher number of mRNA transcripts
captured.

A recent development in using DEP for subcellular capture
and extractions is the DEP Nanotweezers developed by Nadap-
puram et al. in 2019 (Fig. 4(b), ii).>" The nanotweezers were
fabricated using nanopipettes made from double-barrelled
quartz capillaries via laser pulling, and the nanoelectrodes
were formed at the tips using pyrolytic carbon deposition.
The fabrication process allows for a simple way to decrease
the gap between the electrodes to sub-20 nm, which in turn
allows the generation of large electric field gradients (V|E|* ~
10”® V> m ). The generated field gradient was two orders of
magnitude higher than metal-based DEP platforms,*>**>'°! and
higher than previously reported single-cell screening systems
based on DEP,*”> which enabled the trapping of single mole-
cules in physiological ionic strengths. The nanotweezers could
capture and extract single DNA molecules directly from the
nucleus, transcription factors from the cytoplasm (Fig. 4(b)-iii,
iv) and even single organelles such as mitochondria. This
technique provided the capability to sample subcellular

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 DEP based subcellular sampling techniques. (a) Schematic of a modified AFM probe with DENT. Created with BioRender.com. (b) DEP
Nanotweezer schematic showing how DNA can be extracted from a live cell: (i) application of an a.c. voltage on the nanotweezer generates a highly
localized electric field gradient suitable for targeted molecular trapping in solution or inside a cell. (ii) Step-by-step schematics of a single cell biopsy. The
tip was approached and then inserted into the cell nucleus; the application of an a.c. bias traps DNA molecules at the nanotweezer tip, and, in the final
step, the nanotweezer along with the accumulated material was withdrawn from the cell. (iv) Biopsies were also performed in cells stained with a non-
specific RNA dye (SYTO RNASelect). The accumulation of labelled mRNA during DEP capture results in an increase in fluorescence at the nanotweezer tip
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(left and middle). The mRNA can still be seen at the tip once extracted from the cell (right, scale bars = 20 um, insets = 5 um). (v) Targeted mRNA trapping
and extraction was performed by labelling, via in situ hybridization, of individual ETS-1 mRNA molecules with fluorescein isothiocyanate (green dots) (left).
A high-resolution fluorescence image of individual ETS-1 mRNA molecules (middle) along with a superimposed bright-field image is shown (inset). The
application of the a.c. voltage resulted in trapping of mRNA at the nanotweezer tip (top right), which was then pulled away by the subsequent withdrawal
of the nanotweezers, causing a drop in the fluorescence signal (bottom right). Scale bars: left, 25 um (inset, 5 pm); middle, 10 pm (inset, 2 um); right, 1 pm.
Reproduced from ref. 21. (c) Updated nanotweezer system with its glass surface modified to contain an RNA Trap Poly Thymine Oligomer sequence on
the tip. Modifying the surface of the glass with a broadly binding oligomer was attempted to increase the overall amount of mMRNA that can be held by a
single trapping event. The modification was done using click chemistry to bind the oligomer to the glass surface depicted on the left. On the right is a
diagrammatic representation of the modified nanotweezers trapping free-flowing mRNA in solution. Alexa Fluor 488 labelled mRNA was extracted from
MCF-7 cancer cells and diluted in 100 mM KCL. The corresponding heatmaps show the tips of the nanotweezers before and after DEP was induced.

biomolecules with high spatial resolution and minimal impact
on cell and organelle viability.>® In the same group, the
nanotweezer has been applied to study gene expression and
mitochondrial patterns in primary neurons. Single mitochon-
dria and mRNA have been isolated from individual neurons
without compromising cell viability. From these extracted
samples, mRNAs have been detected by RT-qPCR. Regions of
the mtDNA from individual mitochondria have also been
successfully sequenced.

Recently, surface modifications were carried out on the
outer quartz glass surface of the nanotweezer to improve
selectivity to nucleic acids and maximise capture efficiency.'*>
The nanotweezer tip was functionalised with a 20-base polyT
oligonucleotide sequence using click chemistry. Thymine was
chosen as a broad-spectrum recognition sequence to take
advantage of the naturally occurring polyadenine tail on cyto-
plasmic mRNA (Fig. 4(c))."® This strategy resolves the issue of
sample retention when the DEP field is switched off during
nanotweezer withdrawal from the sample and also increases
the amount of mRNA that could be captured and extracted from
both solutions at physiological conditions and from living
cells.'® In addition, it was possible to collect a continuous
expression profile over a period of 28 days of living MCF-7
cells.'® The cells tolerated weekly sampling and were kept alive
over the full experimental timeframe. A future avenue to
explore would be to create primer-specific oligonucleotide
sequences for low copy and hard to detect mRNAs, for example,
making a nanotweezer selective for ESR1, which according to
RNAscope data, was found with very low confidence in the
cytoplasm of MCF-7 cells.'

The nanotweezers in their functionalised state allowed us to
achieve a truly continuous transcriptional profile for MCF-7
breast cancer cells. To our knowledge, this had not been done
before; they allowed for continuous sampling of live cells, at the
single cell level, over 28 days, totalling 18 biopsies per cell
whilst not affecting cell viability. The potential to create single-
cell transcriptional profiles with real temporal resolution in
cells could lead to new insights into understanding diseases
such as cancer and neurodegenerative diseases.

Conclusions

The development of single-cell analysis tools has led to ground-
breaking discoveries of heterogeneous cell populations, novel

5324 | Chem. Commun., 2023, 59, 5312-5328

cell types, mitochondrial heteroplasmy, subcellular mechan-
isms, and compartmentalised transcriptomics. Advances in
technologies that probe and remove the contents of living cells
have been shown to be particularly advantageous in the field
compared to imaging-based techniques, as they minimise
cellular alterations and allow cells to remain alive during the
extraction procedure. This expands their potential for monitor-
ing living cells over time. As opposed to using sequence-specific
probes, they also allow for the contents of cells to be investi-
gated using high-standard analysis tools such as mass spectro-
metry and next-generation sequencing and have the potential
for a large number of targets to be analysed from the same cell.
This could lead to new discoveries of proteoforms and post-
transcriptional regulatory mechanisms in a variety of cell types
and systems.

The intracellular extraction techniques discussed herein
vary in size, throughput, cost, spatial resolution, and physiolo-
gical impact on the cell (summarised in Table 1). Nanostraws
are statically positioned inside single cells and have very high
throughputs as individual cells can be cultured on top of
multiple nanostraws, allowing for the parallel sampling of the
same cell over multiple time points. However, cells need to be
grown on specific substrates rather than a standard culture
dish or cover glass, and the manufacturing process can be time-
consuming and expensive due to the need for etching and
photolithography. Other techniques based on micro- and nano-
pipettes or AFM probes can be positioned to specific subcel-
lular regions of interest and controlled by micro- or
nanomanipulators, providing as low as nanoscale resolution.
These, however, lack throughput as only single serial extrac-
tions can be performed. Nanopipette-based systems are often
integrated with SICM, which allows for precise and controlled
positioning of the nanopipette inside a cell; the feedback
mechanism ensures that appropriate insertion into the cell is
achieved. Other pipette-based techniques, like the cookie cut-
ter, expand nanoprobe methods to tissue section sampling,
which could have applications in analysing clinical tissue
samples or 3D cell cultures. FluidFM allows for force-
controlled sub-picolitre volumes to be removed from cells for
highly controlled sampling. More recently, the capabilities of
FluidFM sampling have been greatly expanded to fungal cells,
mitochondrial transplantation, and same-cell transcriptome
profiling, pushing the scope of subcellular sampling. Nanopip-
ette and FluidFM sampling, however, require the removal of
cytoplasmic fluid from the cell, which raises questions

This journal is © The Royal Society of Chemistry 2023
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regarding the viability of cells and the impact on cellular
function after the extraction procedure. The nanotweezer is
distinct in that it isolates polarisable molecules directly from
specific regions of cells, negating the need to remove cytoplas-
mic fluid, which may otherwise trigger local changes or stress
responses. The nanotweezer may therefore be less invasive than
aspirating methods and allows for tighter control over the
location of the desired material in the cell, increasing the
spatial resolution. Even with the recent surface functionalisa-
tion of the nanotweezer, however, the amount of subcellular
material extracted may still be limited for downstream analysis,
such as RNA-seq. Nevertheless, as with all methods highlighted
here, the development of lower input and highly sensitive next-
generation sequencing methods may make investigating small
quantities of biomolecules from spatially restricted cellular
locations possible in the future.

Since it is now known that seemingly similar cells in a
population can still reveal high levels of heterogeneity, it is
becoming more important to access the same single cell over
time rather than obtaining multiple static measurements of
different cells, which would only represent the average beha-
viour of a population. This could help us better understand
cellular dynamics and, in doing so, gain a true representation
of individual cell responses. Time-dependent serial sampling
from the same cell has already been demonstrated using many
of the sampling techniques described here (nanostraw,
FluidFM and nanotweezer), with the nanotweezer notably
demonstrating single-cell tracking and sampling over a 28 days
period.

Further work into the capabilities of all these techniques for
long-term studies of cells is required to fully achieve single-cell
tracking, however. This includes assessments of: the number of
times a single cell can be sampled without negatively affecting
its viability; how long a cell can maintain normal function and
stay alive after being sampled; the impact that sampling has on
different cellular functions such as cell division, stress
responses and energy production in both the short- and long-
term; the possible impact that sampling has on a cell’s omics
and the timeframes at which this impact is observed; and the
time required between each serial sampling procedure based
on the effects on viability and function. It may be interesting to
combine the single-cell sampling methods highlighted in this
review with other live-cell imaging techniques for spatially
resolved single-cell analysis. For sequential and consistent
sampling of cells over time, automation of the techniques is
also necessary, particularly for those with lower throughput.
This is readily within reach with further development of these
methods using machine learning. This could be used to
increase the throughput of the techniques, as well as the spatial
and temporal resolution of each sampling event. Machine
learning could also be integrated in the downstream analysis
of high-throughput sampling to give insight into proteomic and
transcriptomic patterns that would otherwise be difficult to
identify.

In terms of achieving temporal measurements within the
same cell, there are uncertainties as to whether the samples

Chem. Commun., 2023, 59, 5312-5328 | 5325
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would represent the entire cell using these technologies; there
is a balance to be had between having minimal impact on the
cell and sampling enough material to accurately represent the
cell. These techniques may therefore be more suited to inves-
tigate precise locations of cells over time rather than single cells
or the cytoplasm as a whole. This could be extremely valuable in
spatial transcriptomics, where the nanometre resolution of
these methods would be of great advantage for precisely
profiling subcellular regions. For example, precise subcellular
sampling could be used to investigate specific compartments of
polarised cells, such as neurons, which could be used to
discover novel localisation sites of protein synthesis
machinery.'® This, in combination with live cell measure-
ments over time, could help create a dynamic spatial transcrip-
tome of a single cell. This could be used in various
physiological conditions, such as after the application of a drug
or in response to a stimulus and could be used to detect
changes in specific locations of cells for compartmentalised
mechanics. Of the techniques where both delivery and extrac-
tion are possible (nanostraws, nanopipettes and FluidFM), this
objective could be further exploited through direct local deliv-
ery of biomolecules or organelles to specific compartments of a
cell, followed by extracting localised cellular contents for pre-
cise intracellular tracking.

Many of these techniques are still in their infancy in regard
to their biological applications. Thus far, these biological
assessments have observed heterogeneity of cancer-associated
genes over a 28 days period (nanotweezer),"*> uncovered genes
that contribute to a particular phenotype (Live-seq),** revealed
mitochondrial heteroplasmy in the same cell (micro/nanopip-
ette),’*> and evaluated mitochondrial quality control
(FluidFM).*® However, further dynamic studies are necessary
to answer key biological questions and demonstrate the full
potential of the techniques, which, if successful, would have
wide implications in disease tracking, cellular mechanics and
treatment responses. This anticipates major contributions to
the field of personalised medicine and the development of the
single-cell atlas.
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